Biomass use has been identified as one of the possibilities to mitigate fossil greenhouse gas emissions in iron and steelmaking. Biomass can be used to replace part of the fossil-based reducing agents in blast furnace without compromising the quality of the final product. The advantage of biomass compared to fossil-based fuels is that it is renewable energy source and can thus be considered carbon dioxide neutral within specified system boundaries. Few studies have been conducted where the effect of biomass introduction to blast furnace process have been evaluated with mathematical modeling or lab-scale experiments. The other body of literature concerns the life cycle based assessments. This study presents the effects of biomass use in plant site scale with energy balances and CO2 reduction potential. For the evaluation purposes integrated steel plant model based on physico-chemical relationships was developed. The model can be used for calculating gate-to-gate life cycle inventory for evaluating the environmental burden of the integrated steel plant. Effect of charcoal as tuyére injectant to blast furnace process was firstly evaluated. The results indicate that to replace 1 kg of specific heavy oil, 1.15 kg charcoal would be needed. Plant-wide effects of two distinct charcoal usage scenarios were evaluated and compared to base case scenario with fossil-based reducing agents. Plant site evaluation suggests that by introducing biomass to integrated steel plant, major changes in energy balances occur and significant fossil CO2 emission reduction can be achieved. This study indicates that 15.4 to 26.4% reduction in fossil CO2 emissions could be achieved in plant scale.
Introduction
Fossil-based carbon dioxide emissions have been identified as the major concern in steel industry. The industry is responsible for producing about 5% of the total CO2 emissions in global scale. Global crude steel production in 2010 was 1 414 million tons of which integrated blast furnacebasic oxygen furnace (BF-BOF) route accounted for around 70%. 1) According to Birat 2) the BF-BOF route emits 1.97 tCO2/t steel. The biggest share of carbon dioxide emissions come from blast furnace where fossil-based reducing agents are used for reducing the iron oxides. The modern blast furnaces are run near their thermodynamic limits, which mean that without major changes to the process, there is little improvement potential left.
One of the potential ways to decrease environmental burden of iron and steelmaking could be the use of biomass. Biomass presents interesting possibility to mitigate CO2 emissions in iron and steelmaking by offering a renewable and carbon dioxide neutral reducing agent to steel industry raw material mix. During the growing stage, biomass fixes the carbon dioxide released by its burning through photosynthesis. Interest in biomass has increased during the years because of the social awareness of the greenhouse gases and climate change. Also the increasing price and weakening availability of high-quality fossil-based reducing agents make steel producers to search actively for new solutions. Biomass could be used in integrated BF-BOF route to: replace coke in blast furnace, replace injected coal or oil and burn as fuel in steelmaking reactors.
3)
The scientific literature concerning the biomass utilization in iron and steel production has focused mainly on evaluating the solid form of biomass i.e. wood char or biomass char. MacPhee et al. 4) and Matsumura et al. 5) have evaluated the influence of biomass on metallurgical coke by charcoal addition to coking coal blends with laboratory experiments. Babich et al. 6) have evaluated the possibility to replace pulverized coal injection (PCI) with charcoal by mathematical modeling and lab-scale experiments. Helle et al. 7) have used mathematical optimization to assess the optimal amount of biomass in ironmaking with several changing variables. Norgate and Langberg 3) have used life cycle assessment (LCA) methodology to evaluate the reduction of greenhouse gas emissions resulting from charcoal use. Sustainability issues of charcoal use in iron and steelmaking has been evaluated in earlier work. 8) In this work, plant-wide effects of introducing biomass in solid form i.e. charcoal to blast furnace as tuyére injectant was investigated with mathematical modeling. The blast furnace process was firstly examined with three distinct sce-ISIJ International, Vol. 52 (2012) , No. 5 narios where the amount of tuyére injection was changed. The most important factors affecting the carbon dioxide emissions and plant-wide changes in energy balances were evaluated with developed plant site model based on mass and energy balances. The plant site model produces gate-togate inventory of the environmental burdens that can be used for evaluating the plant-wide changes.
Biomass in Iron and Steelmaking

Biomass Raw Material Base
The raw material base for biomass char is vast. Char can be produced from various biomasses including straw, saw mill waste, planted wood-species and forest residues such as thinning, stumps and roots. 3, 6, 9) It has been suggested that charcoal could be produced in tropical countries from eucalyptus plantations and shipped to Europe for use in the metallurgical industry.
2) Tropical tree species such as eucalyptus can reach growing rates of 36-48 m 3 /ha/year. 10) This option however doesn't guarantee that charcoal is produced sustainably and that the by-products of charcoal production are efficiently utilized.
Many European country especially Northern countries have substantial amount of their own forest biomass resources that can be considered as suitable raw material for charcoal production. In Finland the yearly growth of forests has been bigger than yearly felling now for more than 40 years.
11) Forest residue chips are the cheapest raw material from wood that could be used for producing the charcoal for metallurgical purposes.
Charcoal Production
In order to gain more suitable properties for the metallurgical purposes, biomass is to be converted into charcoal. Charcoal is the main product of slow pyrolysis process where the biomass is heated in the absence of oxygen. The properties of the charcoal are affected by the temperature and, to some degree, also by pressure.
12) The most important properties are the share of carbon and trace elements in the final charcoal and the heating value. When the pyrolysis temperature is increased the carbon share and the heating value increase, but at the same time the yield of charcoal decreases. The good quality charcoal produced for reducing agent purposes has high carbon content, preferably over 80%, 6) which requires reasonably high final temperature in charcoal process. The charcoal yield of 30 to 35% can be achieved with final temperatures between 450 to 550°C, the charcoal carbon content ranging from over 80 to almost 90%.
13) The increase in pressure from 0.1 MPa to 1.0 MPa increase the yield of charcoal from hard and soft wood on average from 30 to 35%. 14) Fagbemi et al. 15) have presented a following equation for calculating the higher heating value of the pyrolysis products:
.. (1) where the amounts of elements in pyrolysis products (C, H, O, N, ash) are expressed in mass percentages. The higher heating value of the charcoal is usually between 28 and 33 MJ/kg depending on the ash content and the ratio of elements.
12) The net energy of the pyrolysis process is positive, which means that more energy is generated than what is used in the system. This by-product energy can be utilized in many ways e.g. in heat and power generation, syngas production and in production of chemicals.
System Modeling and Methodology
Process modeling methodology has been utilized in the study for evaluating the different operational alternatives. Factory simulation tool software 16) has been used in the modeling and simulation tasks. The software is a steady state flowsheet simulator with possibility to utilize other common desktop tools. The thermodynamic data used in the calculations is taken from HSC Chemistry ® . 17) The physico-chemical modeling is used for providing information about gate-to-gate life cycle inventory of specified system boundaries. Combining the life cycle assessment view with process modeling familiar from chemical and also from metallurgical engineering practice allows possibility to evaluate the environmental performance of alternative process designs and operations. The methodology utilized in evaluation has also been suggested by Iosif et al.. 18, 19) However they concentrated purely on validation of the methodology without considering the assessment of new, improved designs.
The methodology used in this study is based on balancing system energy needs. The changes in energy need depending on operation mode and changes in raw material base are taken into account.
System Boundaries
This study focuses on plant-wide effects of integrated steel plant when biomass is introduced to system. There are three distinct cases examined in the paper. First the methodology is presented with base case scenario where traditional reducing agents are used. In the second scenario (CC case 1), it is assumed that tuyére injected specific heavy oil is replaced with charcoal produced outside the plant site system boundaries. The third scenario (CC case 2) is based on the assumption that biomass processing is integrated to BF-BOF steel plant structure.
The simplified presentation of the studied system with boundaries is presented in the Fig. 1 . In LCA terms the system studied is called foreground system and the calculated environmental burden inventory for the system is gate-togate inventory. 20) In Fig. 1 , BFG is abbreviation for blast furnace gas, COG for coke oven gas and PUG for pyrolysis unit gas. The modeled system doesn't include sintering plant, which in many cases is a part of integrated steel plant. In this case the blast furnace is operated with pellets produced outside the system boundaries. The internal iron-bearing rejects are recycled back to blast furnace process via briquetting plant.
Raw Material Processing
The major unit processes in the integrated steel plant were modeled to be able to predict the behavior of the system when biomass would be introduced. The ash content of the coal is also an important factor as all the ash content of the coal is assumed to be in the coke. The coke oven produces coke, coke oven gas (heat value 16-18 MJ/Nm 3 ), undersized coke breeze fractions and coke dust. The coke oven gas goes through a gas-cleaning process and side-products are tars, sulfur and benzene. The energy demand of the coking process is calculated from mass and energy balances.
Limestone Calcination
Burnt lime (CaO) is used as a flux in steel making. It purifies the steel by removing phosphorus, sulfur and silicon impurities from the melt. Basic principle of limestone calcination process is to convert CaCO3 to CaO. In a chemical sense it is a thermal decomposition of limestone into burnt lime and carbon dioxide. The chemical reaction describing the decomposition is:
The reaction is endothermic thus needing heat to proceed. This heat is created by burning coke oven gas in the kiln. Other fuels can be natural gas, oil or pulverized coal. Kilns are normally operated around 1 100°C to get carbon dioxide out of the limestone. Emissions to air are released from the decomposition of the limestone and from the burning of the fuels.
Biomass Pyrolysis
The biomass pyrolysis plant, which is hypothetical in nature, is modeled based on mass and heat balances. The yield of the charcoal as well as carbon content and volatile amount depend mainly on the pyrolysis temperature. The heat requirement of the pyrolysis process is satisfied with the burning of the pyrolysis unit by-products. Some external energy is needed to start up the pyrolysis process, but it is considered as negligible.
Ironmaking Processes
The blast furnace model is based on conceptual division of the furnace into two active zones, which interact via thermal reserve zone. The model is based on mass and energy balances calculated separately to both segments of the furnace. This kind of blast furnace modeling has been reported by Peacey and Davenport, 21) Rasul et al., 22) Hooey et al. 23) and Ziebik et al.. 24) The model assumption is that all the higher oxides in upper zone are reduced to wüstite when entering to thermal reserve zone. The conceptual division and thermal reserve zone are based on the assumption that above the thermal reserve zone in temperatures below 1 200 K the CO2 produced by the wüstite reduction reaction ............... (3) is no longer reconverted to CO by Boudouard reaction. It has been presented in the literature 21) that there is near equilibrium zone in the furnace governed by the reaction (3). The composition of the carbonaceous portion of the gas can be calculated from the equilibrium constant of reaction (4) if it is assumed that in the chemical reserve zone equilibrium of the reaction (3) is achieved.
.... (4)
The thermal reserve zone temperature is assumed to be 1 200 K, but it is written as variable that can be changed if the investigation so requires. The Gibbs free energy of the wüstite reduction by CO was calculated with HSC chemistry functions, 17) which is integrated to the Factory simulation tool. Same kind of equilibrium can be assumed to the wüstite reduction with hydrogen. Additionally for the wüstite reduction zone can be written:
........ (7) where (O/Fe) xwrz is the molecular ratio of O/Fe in incoming oxide at wüstite reduction zone (kmol O/kmol Fe) and is mole fraction of water vapor in the wüstite reduction zone. The most important mass balances of the blast furnace model are described for iron, carbon and oxygen in their basic form with following equations: 21) These simple mass balances have been extended to take account the minor losses of iron to off-gas and oxygen from the burden material other than iron oxides, like limestone with distribution coefficients. The blast furnace model calculates the reducing agent need and blast volume for different operational alternatives where tuyére injectants are used. Heat losses, oxygen enrichment and burden material composition influence to reducing agent need is also calculated. The burden calculation has been designed to be flexible for the evaluation of alternative burden materials. Fluxes such as limestone and quartzite can be used for balancing the amount and basicity of the slag. The blast furnace model is integrated with the rest of the plant site model. In Fig. 2 . the schematic representation of the blast furnace model is presented. The calculation algorithm in the Factory simulation tool uses several loops to converge to final results. The model for hot stoves is based on mass-and heat balances. The fuel used for heating the refractory bricks surrounded hot stoves is the blast furnace gas (BFG), which is burned inside the stove. Burning of BFG releases heat that accumulates into the refractory bricks and is further transferred to the cold blast air that is led through the stove after the heating period. Blast furnace model and hot stove model are linked together for calculation of needed BFG to elevate the blast air temperature.
Steelmaking Processes
The Basic Oxygen Furnace (BOF) Model
Main function of the converter is to decrease the carbon content of the pig iron (mass% 4-5) to as low as 0.05 mass% in raw steel. The model is based on mass-and heat balances. There are certain limits for scrap, iron ingot and pellet use in the converter. The heat balance and processing time determine these limits. Majority of the heat comes from the hot pig iron and exothermic reactions where carbon and silicon are burned with blown oxygen. Extra heat can be produced by burning different additives that produce heat. The oxygen demand is calculated from the carbon balance and from the metals oxidized in the slag. The yield percent between mixer and BOF for the pig iron is η BOF=0.985.
There are losses with e.g. splashes.
Secondary Steelmaking Processes
After the converter, there are molten steelmaking processes that are called secondary steelmaking processes: ladle furnace, vacuum process and CAS-OB, which can be flexibly used for further tuning the composition of steel so that high quality steels can be casted. Steel is casted in continuous casting, where molten steel is solidified. There are losses in the casting which are taken into account by yield factor η casting=0.99
Physical Steelmaking
After continuous casting slabs go through physical steelmaking processes. These processes are used for fine tuning the structure of the steel as well as forming them into final products. Physical steelmaking consists of heating furnaces and powerful rolls. These unit processes use huge amount of energy in a form of fuels (coke oven gas), electricity and steam.
Physical steelmaking produces great amounts of scales that are traditionally recycled back to the blast furnace via sintering plant. The simulation model does not include sintering plant but the recycling is done via briquettes that are fed into the blast furnace. The amount of briquettes is about 90-100 kg/t pig iron. 25) 
Power Plant
The power plant produces electricity and steam from the gases produced in the integrated steelworks. In the normal operation it is assumed that power plant produces approximately 50% of the electricity needed in the integrated steelworks. The efficiencies of electricity production and steam production are provided. The efficiency of the electricity generation in the simulation model is assumed to be 0.35.
Results and Discussion
In the next sections the simulation results for three scenarios shortly described in section 3.1 are presented. Section 4.1 presents the base case system environmental burden concerning the CO2 emissions with system boundaries already depicted in Fig. 2 . The selected functional unit (FU) in the simulation was 1 t of hot rolled plate. The results of the base case simulation are compared to existing data from literature, which partly serves as a validation procedure. In section 4.2, the effect of charcoal introduction to blast furnace process is more profoundly presented. Sections 4.3 and 4.4. present plant-wide effects by examining the energy balances and gate-to-gate life cycle inventory. 
The Base Case Scenario Results
CO2 emissions produced inside the plant site were compared to available data in the literature where gate-to-gate system boundaries have been applied. Detailed description about the sources of CO2 emissions in the integrated steel plant has been provided e.g. by Birat.
2) Also Iosif et al. 19) have provided CO2 emission inventory for integrated steel plant. They have compared the CO2 emissions from actual integrated steel plant, from the modeling scenario and data from World Steel Association (previously IISI). The functional unit in the assessment of Iosif et al. 19) as well as Birat 2) was 1 ton of hot rolled coil. The reported CO2 emissions from these references are compared to present work to evaluate the credibility of the results ( Table 1) .
Further evaluation of CO2 emissions by process compared to literature is presented in Fig. 3 . The comparison has been made with the data provided by Iosif et al. 19) and Birat.
2) Figure 3 presents more accurately the sources and distribution of CO2 emissions in integrated steel plant. In the present work, the largest amounts of CO2 emissions result from blast furnace, which in the base case scenario are 660 kg CO2/FU. The heating of blast air in the hot stoves with BFG produces 237 kg CO2/FU. The power plant, which uses BFG and some COG, produces 324 kg CO2/FU.
The production of CO2 emissions by process is different in all of the cases, but the total amount created is quite similar. Differences in the CO2 emissions are probably due to different fuel mixes, differences in the process chain and the allocation procedure. For example the modeled base case system doesn't include sintering plant, which is present in all other compared cases. The allocation of CO2 emissions in life cycle modeling is one of the concerns when evaluating the environmental performance of the iron and steelmaking. In a life cycle inventory not all the emissions are allocated to the primary product because several utilizable by-products (slags, tar, energetic gases) are produced aside the product. As a case in point, blast furnace slag is a valuable product and, therefore some of the emissions can be allocated to it. This study resolves this issue in a way that e.g. only the CO conversion to CO2 in the power plant resulting from BFG burning is reported to specific process CO2 emissions.
Evaluation of Charcoal Injection to Blast Furnace
Process The mechanical strength of the charcoal is insufficient for replacing lump coke in modern blast furnaces, however injection rates of 100-190 kg/t pig iron have been reported.
26) The chemical properties of the charcoal are well comparable with pulverized coal, some of them being better.
The chemical composition of the charcoal used in the simulation is taken from Babich et al.: 6) carbon 88.3%, hydrogen 2.7%, oxygen 8.4%, nitrogen 0.2%, sulfur 0.03%, moisture 1.2% and ash 0.6%. Composition of specific heavy oil is as following: carbon 87.0%, hydrogen 10.45% and sulfur 2%. The coke produced has the following composition: carbon 87.2%, sulfur 0.7% and ash content of 11.5%. It is known that the properties of the raw materials have huge effect on blast furnace behavior and also to reducing agent need.
One of the most important parameters when considering different fuels for the blast furnace process is the coke replacement ratio (RR). The replacement ratios of the specific heavy oil and charcoal against coke were calculated by using the assumptions made in the blast furnace process model development. In the calculation of RR, all the other input parameters of the blast furnace model were kept unchanged except for the level of injected oxygen. In the calculation the flame temperature was kept as control parameter and was kept unchanged with increased oxygen enrichment. The difference between charcoal and specific heavy oil for replacing the coke can be seen from the Fig.  4 . Coke, charcoal and specific heavy oil rates were all simulated against one ton of pig iron. According to the simulation results, the replacement ratio (RR) of charcoal against coke is 0.97. Correspondingly the replacement ratio of specific heavy oil against coke is around 1.12. This means that to replace specific heavy oil injection the amount of charcoal must be 1.15 times greater. The amount of specific heavy oil used in the base case scenario to produce one ton pig iron was 90 kg/t. This means that to replace this amount by using the replacement ratio, 103.5 kg charcoal is needed to fully replace the specific heavy oil.
The selected parameters for blast furnace process for the simulation results are presented in Table 2 . The first case describes the basic operation where specific heavy oil is used. The second case presents the effect of replacing the oil with charcoal calculated with replacement ratio. The third case describes a case where the amount of charcoal injection has been further increased to 150 kg/t pig iron. Input parameters were kept as unchanged as possible, but some modifications had to be made to maintain flame temperatures and slag basicity at reasonable level.
The results of blast furnace process simulation reveal that the biggest influence of charcoal between base case and CC case 1 relate to change of blast volume, which decreases from 944 to 922 Nm 3 /t pig iron. The blast volume further decreases in CC case 2, but this change is also affected by the elevated blast temperature and allowed drop in the flame temperature. The slag amount decreases slightly from 190 kg/t pig iron in base case to 188 kg/t pig iron and 186 kg/t pig iron in CC case 2. The amount of gases produced in the process decrease also quite much. The combined effect of decreasing the volume of slag and gases in the furnace mean that productivity of the furnace increases. This effect was reported by Babich et al. as well. 6) The introduction of charcoal to blast furnace decreases the utilizable energy amount from the blast furnace top gas. In the base case with specific heavy oil the energy is 4 822 MJ/FU and in the CC case 1 it is 4 326 MJ/FU, which is about 10.3% decrease. This decrease is however offset by the increase in the furnace productivity.
Plant Site Effects: Charcoal Produced Outside the
System Boundaries In CC case 1, where charcoal is produced outside the system boundaries and the only changing parameter is the full specific heavy oil replacement with charcoal, the plant-wide Fig. 4 . Consumption of coke as a function of the tuyére injected fuel. If it is assumed that all the other processes that use BFG as energy provider would use the same amount of BFG as in the specific heavy oil case, then the amount of BFG going to power plant decreases more dramatically and the produced electricity and heat would drop. With the assumptions made in the power plant modeling the amount of electricity that is produced in the power plant decreases from 177.6 to 152.6 kWh/FU.
Plant Site Effects: Charcoal Produced Inside the
System Boundaries The major changes in process flowsheets between alternatives to utilize charcoal in integrated steel plant are presented in Fig. 6 . Scenario (a) presents the flowsheet of base case with specific heavy oil injection and CC case 1, in which charcoal is produced outside system boundaries. Scenario (b) describes the case where biomass is processed in pyrolysis unit to charcoal inside the system boundaries. In Fig. 6 COG means coke oven gas, BFG blast furnace gas and BF blast furnace. PU means the pyrolysis unit in which the biomass is converted into charcoal and utilizable byproducts that include gaseous and liquid by-products.
Norgate and Langberg 3) have approximated that the byproduct credits for charcoal production would be as high as 63.2 MJ/kg charcoal for 13.4% yield on wet wood basis of charcoal. The yield of product charcoal and by-products depend greatly on the process and processing conditions. In the modeling and simulation of pyrolysis plant the utilizable energy content of by-product syngas is 24.9 MJ/kg charcoal. 20% of this syngas by-product energy is used to fulfill the process energy requirement. The amount of utilizable energy that can be used in power plant is therefore 19.9 MJ/kg charcoal. CO2 emissions produced in the burning of biomass based by-products are considered as CO2 neutral and are not included to carbon dioxide balance.
The energy balance of the integrated steel plant changes significantly in the CC case 2 in which the amount of charcoal injection to blast furnace is 143 kg/FU. First of all, the amount of coke to be produced for blast furnace process decreases from 360 to 308 kg/FU. This means that the amount of COG decreases and also the energy need of the coke production per FU. On the other hand there is a new source of energy in the form of pyrolysis unit gas. Figure 7 depicts the changes in the production and use of energetic by-product gases inside the system boundaries per FU consisting of blast furnace (BF), coke ovens (CO), CaO plant (CP), hot rolling (HR), power plant (PP), pyrolysis unit (PU) and flare (FL). The production of converter gas is left out from the figure as there are no considerable changes between the cases.
In base case the total amount of energetic by-product gases utilized inside integrated steelwork processes are 7.8 GJ/ FU, in CC case 1 they are 7.3 GJ/FU and in the CC case 2 10.5 GJ/FU. In the case where charcoal is produced inside the system boundaries (CC case 2) there is an extra energy available that can further decrease the environmental burden of integrated steel plant. If it is assumed that in CC case 2 the available energy is used to produce electricity in the power plant inside the system, the amount of produced electricity would increase to 337 kWh/FU, which is almost the full electricity need of the integrated steel plant. It needs to be pointed out that this would require extensive investments to increase power plant capacity. With increasing amount of charcoal used the system-wide fossil CO2 emissions naturally decline. In Fig. 8 total CO2 emissions of the integrated steel plant for three studied scenarios are presented and also the amount of CO2 emissions when charcoal based emissions are considered neutral. The CO2 emissions resulting from pyrolysis process and from by-product burning in power plant are not considered as they are assumed to have been offset during the biomass growth process. The allocation of emissions is the same described in section 4.1. In the CC case 2 fossil CO2 emissions decrease basically in two ways. The fossil carbon input to blast furnace decreases by replacing the specific heavy oil and also some of the charged coke. The reduction in the coke amount also decreases the emissions from the coking process. The total reduction in fossil CO2 emissions between base case and CC case 1 is 273 kg/FU, which is 15.4% decrease. The reduction between base case and CC case 2 is 469 kg CO2/FU, which accounts 26.4% decrease in fossil CO2 emissions.
If it is assumed that the yearly production of the integrated steelworks is 2.6 Mt hot rolled plate the fossil CO2 emissions with gate-to-gate system boundaries would decrease from 4.63 Mt to 3.92 Mt between base case and CC case 1. This drop would be achieved with minor changes to the infrastructure of the steelworks. Between the base case and CC case 2 the reduction would be from 4.63 Mt to 3.41 Mt. However this scenario would entail major investments to existing plant structure.
In all cases the burden material of the blast furnace process has been kept as unchanged as possible without changing the process operation significantly except the reducing agents. This way the environmental burden of the system can be better evaluated for three different scenarios. In Table 3 part of the LCI results for the defined system are presented for all the cases. The inventory shows that by introducing biomass based reducing agents to the system the environmental burden can be substantially decreased.
The system boundaries selected in this study is restricted to evaluating only the integrated steelwork processes and their environmental burden. In order to evaluate the total environmental impact of biomass use in iron and steelmaking the entire life cycle should be more carefully investigated. This would mean the full evaluation of the environmental burden of biomass harvesting, pre-processing, transportation, and other upstream processes, which may require the use of fossil fuels. Also the credits from avoided fossilbased emissions from electricity production should be assessed. However, the modeling results presented in Table  3 for gate-to-gate system give positive indication of the possibilities to mitigate total and fossil CO2 emission problem in the iron and steel industry. It is asserted that the methodology presented in this paper, when extended to the entire life cycle and applied to biomass use scenarios in iron and steelmaking is suitable for increasing the awareness of the possibilities to combat climate change with novel technological and raw material choices.
Conclusions
This study has evaluated the plant-wide effects of biomass introduction to integrated steelworks with gate-to-gate life cycle inventory and energy balances. The methodology applied was based on system modeling where all the major integrated steelwork processes were modeled based on physico-chemical relationships thus fulfilling the mass and Table 3 . Gate-to-gate life cycle inventory for the three different scenarios.
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Flow name Unit base case © 2012 ISIJ energy balances. The main process examined was the blast furnace, which is responsible for major part of the fossil CO2 emissions. The results from the study can be summarized as follows. 1) The injection of charcoal to blast furnace to replace fossil based injectants is viable measure to mitigate fossil CO2 emissions. The replacement ratio of charcoal against specific heavy oil is 1.15. 2) In the case where specific heavy oil is replaced with charcoal produced outside the system boundaries, according to the replacement ratio the amount and calorific value of produced BFG decreases thus lowering the energy from BFG by approximately 10.3%. This changes the energy balance of the steelworks, however the simulation study suggests that there is a possibility that the productivity in blast furnace would increase, which overcomes the decrease in BFG energy.
3) The further increase in charcoal injection rate decrease the amount of produced coke needed, thus decreasing the environmental burden of steelmaking. 4) Integrating charcoal production to integrated steelworks makes it possible to decrease the environmental burden of the steelmaking by utilizing the energetic offgases from the pyrolysis process. The CO2 emissions in this scenario with selected system boundaries would drop by 26.4%.
It is concluded that further study is needed to thoroughly evaluate the life-cycle wide impacts of Northern European biomass feedstock use in iron and steelmaking. This would require the extension of system boundaries and taking upstream and downstream environmental burdens into account. Also a more profound evaluation is needed to determine the optimal utilization scenario of biomass pyrolysis by-products.
